To estimate a rate for single nucleotide substitutions for maize (Zea mays ssp. mays), we have taken advantage of data from genetic and archaeological studies of the domestication of maize from its wild ancestor, teosinte (Z. mays ssp. parviglumis). Genetic studies have shown that the teosinte branched1 (tb1) gene was a major target of human selection during maize domestication, and sequence diversity in the intergenic region 5# to the tb1-coding sequence is extraordinarily low. We show that polymorphism in this region is consistent with new mutation following fixation for a small number of tb1 haplotypes during domestication. Archeological studies suggest that maize was domesticated ;6,250-10,000 years ago and subsequently the size of the maize population is thought to have expanded rapidly. Using the observed number of mutations within the region of selection at tb1, the approximate age of maize domestication, and approximations for the maize genealogy, we have derived estimates for the nucleotide substitution rate for the tb1 intergenic region. Using two approaches, one of which is a coalescent approach, we obtain rate estimates of ;2.9 3 10 ÿ8 and 3.3 3 10 ÿ8 substitutions per site per year. We also show that the pattern of polymorphism in the tb1 intergenic region appears to have been strongly affected by the mutagenic effect of DNA methylation. Excluding target sites of symmetric DNA methylation (CG and CNG sites) from analysis, the mutation rate estimates are reduced by ;50%-60%, while the rates for CG and CNG sites are nearly an order of magnitude higher. We use rate estimates from the tb1 region to estimate the timing of expansion of transposable elements in the maize genome and suggest that this expansion occurred primarily within the last million years.
Introduction
Mutation is the ultimate source of genetic variation, and the rate with which single DNA bases mutate (l bp ) is an important parameter for population and evolutionary genetic studies. However, l bp , 1 3 10 ÿ7 for most organisms (Drake et al. 1998; Kumar and Subramanian 2002; Nachman and Crowell 2000) and the low frequency of nucleotide substitution makes l bp difficult to estimate directly using mutation-accumulation designs. Consequently, most estimates of l bp are indirect and have been calculated using either of two approaches. In the first, the initial step is to calculate a per-locus mutation rate. The per-base pair mutation rate is then estimated by dividing the per-locus mutation rate by the number of bases in a gene that can be mutated to give an observable phenotype (see review by Drake et al. 1998) . However, the latter quantity is almost never known. A further complication is that per-locus rates may also be influenced by other mutational processes such as changes in the length of simple sequence repeats or transposition of mobile elements. In some cases, the frequency of these events is known to be orders of magnitude higher than that of nucleotide substitution itself (e.g., Brinkmann et al. 1998; Vigouroux et al. 2002a) .
The advent of DNA sequencing, along with the theoretical framework of the neutral theory of molecular evolution (Kimura 1983) , has allowed a second and more widely applied approach to estimating the rate of nucleotide substitution. This ''phylogenetic rate'' approach uses the divergence time between lineages and the number of substitutions between orthologous sites to estimate l bp . This basic approach has been applied to many taxa (e.g., Gaut et al. 1996; Nachman and Crowell 2000) but has its own set of uncertainties. First, divergence times are estimated from the fossil record, which is often incomplete or ambiguous and is not available for some taxa. Second, rate estimates are often derived using species that have had differing generation lengths for at least a portion of their independent history. It has been widely hypothesized that in animals l bp should vary inversely with generation time because animals set aside germline cells whose replication number is largely independent of generation length. It should be noted, however, that the relationship between generation time and mutation rate in animals is still unclear (e.g., Kumar and Subramanian 2002) . In plants, reproductive cells are not specified until flowering, and the relationship between generation time and mutation rate is even less well understood (Gaut et al. 1996) . Third, the phylogenetic approach requires data from neutral sites, and polymorphism at synonymous sites is typically examined because synonymous sites can be aligned between distantly related sequences. Nevertheless, not all synonymous sites are neutral. The extent to which these factors bias rate estimates can be difficult to ascertain. Rate calculations based on recently diverged lineages with excellent fossil records can minimize some of these uncertainties (e.g., Nachman and Crowell 2000) .
Cross-disciplinary investigations of plant domestication by humans (Smith 2001 ) provide a complementary framework to traditional approaches to ask questions about mutation rates. A major finding of quantitative genetic studies examining the domestication process has been that a small number of loci can explain much of the difference between domesticates and their wild ancestors in several crop species Stec 1991, 1993; Doganlar et al. 2002) . If alleles at major effect loci were fixed rapidly by human selection during domestication, then extant diversity at these loci should be due to new mutation subsequent to domestication. In general, crop species are thought to have undergone rapid population expansion following domestication, and the theoretical framework for the shape of genealogies following rapid expansion has been carefully quantified (Slatkin and Hudson 1991; Griffiths and Tavaré 1994) . Given the number of mutations in a sample and the approximate time since domestication, the underlying mutation rate can be estimated. Domestication of crops has been recent enough that fairly precise estimates of domestication times are available from archeological studies (Smith 1998) but old enough that it should be possible to observe mutation accumulation with reasonably sized data sets.
The tb1 gene of maize provides an opportunity for calculating l bp under this scenario. Maize was domesticated from its wild progenitor, teosinte, between ;6,250 and 10,000 years ago (Smith 1998; Piperno and Flannery 2001) in a single domestication event (Matsuoka et al. 2002) . The tb1 gene controls several aspects of plant architecture that differ between maize and teosinte (Doebley, Stec, and Hubbard 1997) . A combination of quantitative trait locus-mapping studies, complementation tests, and molecular evolutionary studies has shown that tb1 was a major target of human selection during domestication (Doebley and Stec 1993; Doebley, Stec, and Gustus 1995; Doebley, Stec, and Hubbard 1997; Wang et al. 1999) . Recently, we showed that an intergenic region of 60-90 kb that extends 5# from the tb1 cDNA sequence appears to have been fixed for a small number of haplotypes during the domestication process (Clark et al. 2004 ). In the current study, we use polymorphism within the region of the selective sweep at tb1 to derive several estimates of l bp for maize.
Materials and Methods

Sequence Data
To assess mutation number, we aligned maize sequences for six regions (1.7-, 2.5-, 7.1-, 35.6-, 45.8-, and 58.6-kb regions; distances are from the tb1 cDNA sequence) within the core selective sweep at the tb1 locus. Sample and sequence information for this data set has been documented by Clark et al. (2004) , and we follow their naming conventions to allow direct comparison to the earlier study. All sequence data collected for the 2.5-, 7.1-, 35.6-, 45.8-, and 58.6-kb regions were generated by Clark et al. (2004) from direct sequencing (both strands) of polymerase chain reaction-amplified products. Sequences for the 1.7-kb site were previously determined by Tenaillon et al. (2001), and Clark et al. (2004) verified all singleton changes at the 1.7-kb region by resequencing from independently amplified products. The present study uses 23 of the 24 samples analyzed by Clark et al. (2004) ; one sample (Maize 15) was excluded from the present study because sequence for this sample had not been determined for the 58.6-kb region. In addition, sites included in a small number of short insertion/deletion polymorphisms, primarily associated with several simple sequence repeats, were excluded in calculating mutation rates (see below).
Classical Approach to Mutation Rate Estimation
Under a model of rapid population expansion, the underlying phylogeny is approximately star shaped (Slatkin and Hudson 1991) and each of n independent lineages has an approximately equal branch length. Let l reg be the mutation rate per generation for a chromosomal region of l base pairs. The number of mutations in g generations along a single lineage is the sum of g Bernoulli random variables, which has approximately a Poisson distribution with mean k 5 gl reg . The maximum likelihood estimator of k isk 5 M; where M is the average number of mutations observed per lineage, and the approximate variance of this estimator is given by
M=n: The estimator of l reg isl reg 5 M=g; and the estimator of the per-base pair mutation rate l bp iŝ l bp 5l reg =l with approximate variance ð M=nÞ=ðg 2 3 l 2 Þ:
A Bayesian Approach to Mutation Rate Estimation
We also adopt a coalescent-based approach to Bayesian inference about l bp similar to that of Tavaré et al. (1997) . The underlying parameters are g, l reg , N 0 (the size of the ancestral population at the time of domestication), and N 1 (the size of the present day population). Time is measured in units of 2N 1 generations, and we define the following scaled parameters:
1. T 5 g/(2N 1 ), the time of domestication in coalescent units; 2. h 5 4N 1 l reg , the rescaled mutation rate; 3. b 5 T ÿ1 log(N 1 /N 0 ), the population expansion rate assuming exponential growth from size N 0 to size N 1 in time T.
To simulate the ancestral history of a sample of n chromosomal regions, we proceed as follows (cf. Griffiths and Tavaré 1994) . Let T n , T n-1 , ., T 2 be independent exponential random variables, with expectation
; j 5 n; .; 2:
Times are then generated according to the following scheme: 
Assuming an infinitely many sites mutation model, each mutation that occurs on the branches of these ancestral trees leaves a segregating site in the sample. The number of such sites is denoted by S. The following algorithm can be used to simulate observations from the posterior distribution of the parameter a 5 (g, l reg , N 0 , N 1 ), conditional on the number of segregating sites S 5 s observed in the sample.
Step 1b: Generate values for a from its prior distribution;
Step 2b: Calculate T, h, and, b as above;
Step 3b: Simulate the coalescent history of the sample back to time T (as described above) using these parameter values;
Step 4b: Calculate the total branch length L according to equation (1); and
Step 5b: Calculate:
Step 6b: Accept a with probability h; go to Step 1b.
In
Step 5b, the term Po(k)fsg denotes the Poisson probability
PoðkÞfsg 5 e ÿk k s =s!:
The accepted values produced by this algorithm form a random sample from the required posterior. All estimates are based on 50,000 accepted observations, and values of l reg used for simulation were selected uniformly such that they corresponded to l bp ranging from 10 ÿ10 to 10 ÿ6 (note that l reg 5 l bp 3 l). This range includes virtually all estimates of l bp from animals and plants (e.g., Gaut et al. 1996; Nachman and Crowell 2000; Kumar and Subramanian 2002) . Investigation of the maize domestication event has suggested that the founding size of the maize population may have been between several tens to several thousands of individuals depending on the demographic scenario (Eyre-Walker et al. 1998) , and for the present study we selected N 0 uniformly between 20 and 10,000. We selected N 1 uniformly between 10 6 and 10 9 , consistent with the large extant population size and rapid expansion following initial domestication. The distribution of g used for simulations is discussed in Results.
Results
The core of the selective sweep at tb1 extends 60-90 kb 5# to the tb1 gene and is entirely contained within the 161-kb intergenic region between tb1 and the nearest upstream gene (Clark et al. 2004 ). An alignment of maize sequences for six regions of approximately 500-1,000 bp each that are located within the core selective sweep is shown in figure 1 (region names are given in distance in kilobases from the tb1 cDNA sequence). Each of these regions contains largely unique sequence, and all sites within these regions are presumed to be silent (Clark et al. 2004) . Across all regions, 4,840 sites are represented (table 1) , and a single major haplotype is present at the 1.7-, 45.8-, and 58.6-kb regions. For the 2.5-, 7.1-, and 35.6-kb regions, 20 samples belong to a major haplotype, whereas 21 nucleotide differences define a second distinct haplotype represented by samples 17, 19, and 23 ( fig. 1 ; nucleotide changes distinguishing major haplotypes are open boxed). Therefore, across the core selective sweep, either one or two major haplotypes appear to have come through the domestication event (see also Clark et al. 2004 ). The 21 nucleotide differences that distinguish the major haplotypes are presumed to have arisen prior to maize domestication and were excluded from subsequent analyses.
Number and Pattern of Mutations
Across all regions, 26 mutations are observed (table 1  and fig. 1 ), and the ratio of transitions to transversions is 4.2. In general, intergenic maize regions have high levels of DNA methylation (Palmer et al. 2003) . Methylation in plants occurs at C residues (Finnegan et al. 1998) , and deamination of 5-methyl deoxycytidine to thymidine is thought to lead to transitions at a high frequency (Coulondre et al. 1978) . To examine whether this mutational process may have affected the pattern of mutation in the tb1 intergenic region, we determined the number of transitions that occurred at target sites of symmetric C methylation (CG and CNG) (Finnegan et al. 1998) . Of the 26 mutations in the tb1 intergenic region, 62% are transitions at CG or CNG sites, even though these sites account for only 14% of all sites (table 1) . This pattern is particularly striking for the 7.1-and 35.6-kb regions for which 15 of 18 mutations are transitions at CG or CNG sites. Across all regions, the elevated frequency of mutations at CG and CNG sites is highly significant (v 2 5 49.8, df 5 1, P , 0.0001), consistent with an effect of methylation on the mutational process in the tb1 region. If transitions at CG and CNG sites are excluded, a 1:1 transition to transversion ratio is observed across all regions. No transversions occurred at CG or CNG locations.
The observed number of mutations at each of the six regions differs marginally from the values expected if mutations are distributed randomly among regions (v 2 5 14.1, df 5 5, P , 0.05; expected values were calculated by weighting by the number of sites per region) and is indicative of a difference in mutation rates among regions. Because of the strong bias for transitions at CG and CNG sites (see above), and variation for CG/CNG content among regions (table 1), we performed an analogous test where the expected number of mutations per region was weighted by both the length of the region and the CG/CNG content. This test was not significant. However, the P value remained low (v 2 5 9.9, df 5 5, P 5 0.08), and it is possible that differential representation of CG and CNG sites between regions may partly account for the observed nonrandom distribution of mutations between regions.
New Versus Preexisting Mutations
An assumption for our approach to estimating mutation rates using polymorphism data from the tb1 region in maize is that we have correctly identified mutations that have arisen subsequent to fixation of tb1 haplotypes during the initial domestication event. If substitutions in the tb1 intergenic region arose by new mutation following domestication, they should be absent (or at least underrepresented) among teosinte samples. We tested this for the 17 mutations at the 1.7-, 7.1-, and 45.8-kb regions for which Clark et al. (2004) also sampled sequence diversity from ssp. parviglumis, the presumed progenitor to maize (Matsuoka et al. 2002) . One mutation at the 45.8-kb region was represented in ssp. parviglumis, and 3 of the 11 mutations at the 7.1-kb region were present in ssp. parviglumis sequences.
To assess whether these mutations are likely to have been introduced into the maize data set from standing variation that predates the maize domestication event, we examined the structure of the teosinte haplotypes that harbor polymorphisms in common with maize. The teosinte haplotypes harboring shared polymorphisms are different from the corresponding maize sequences (4-13 nucleotide or indel differences per region, unpublished data). This observation argues against introduction of these shared polymorphisms into the maize sample as a result of selection for closely related haplotypes that also share the functional site or sites at tb1 selected during maize domestication. In addition, for each shared polymorphism, the teosinte haplotype has an additional nucleotide change (or changes) within 5-94 bp of the shared site that is not present in the corresponding maize sample (unpublished data). In turn, the absence of these nearby polymorphisms in the maize sequences argues against the introduction of nucleotide changes into maize by either recombination or gene conversion from unselected haplotypes.
We believe therefore that the most parsimonious explanation for the presence of shared polymorphisms in the data set of Clark et al. (2004) is new mutation in the maize lineage at sites polymorphic in teosinte. This is particularly plausible for the three shared polymorphisms at the 7.1-kb region, where 6% of all CG and CNG sites were mutated in the maize sample alone, and diversity in teosinte is much higher than in maize (Clark et al. 2004 ) (but see the caveats in Discussion).
Estimating l bp for Maize
We have used two approaches to estimate l bp from intergenic tb1 sequences assuming rapid expansion of the maize population following domestication. In the first, we assume a star phylogeny in which all sampled lineages coalesce at the time of fixation of tb1 haplotypes during domestication. Using this model, l bp can be estimated from the observed number of mutations and an estimate of the time since fixation (see Materials and Methods). We refer to this as the ''classical approach.'' A small number of haplotypes were sampled repeatedly in our data set (e.g., samples Maize 10 and 21, fig. 1 ), and therefore the assumption of a star phylogeny holds only approximately (i.e., going back in time, some lineages coalesce before the fixation event). In this case, the total length of the underlying tree (the sum of the lengths of all branches) is reduced. Because the number of mutations is unchanged, but the total length of the phylogeny is reduced, the classical estimate of l bp is likely to underestimate the actual substitution rate. To correct for repeated sampling of the haplotype or haplotypes that share a part of their histories, we have also estimated l bp using a Bayesian approach based on a coalescent framework (hereafter referred to as the ''Bayesian approach'') that does not assume a star-shaped phylogeny (see Materials and Methods). Both approaches require an estimate for the fixation time of haplotypes within the core selective sweep at tb1, and this can be approximated by the time of maize domestication. The earliest archaeological evidence of maize is 6,250 years ago (Piperno and Flannery 2001) , and the earliest evidence of domestication of any crop in the western hemisphere is 10,000 years ago (Smith 1998) . Unless otherwise noted, for the classical approach, we assume that a reasonable estimate of the age of domestication is 8,000 years (which also corresponds to ;8,000 generations because Zea mays is an annual). For the Bayesian approach, generation number (g) was selected uniformly from 6,250 to 10,000 for coalescent simulations. Estimates of l bp for the six regions using the classical approach range from 1.0 3 10 ÿ8 to 7.2 3 10 ÿ8 , and confidence intervals (CIs) show substantial overlap (table 2). Applying the Bayesian approach, the means of the posterior estimates for l bp range from 1.9 3 10 ÿ8 to 8.5 3 10 ÿ8 (table 2) , and 95% credible intervals for the smallest and largest estimates overlap.
We also calculated three rate estimates using data combined from all six regions. For the first estimate, all mutations and all sites were included to give a ''general rate'' (table 3, top). Second, because of the significant bias for mutations at CG and CNG sites (table 1), we calculated a mutation rate for target sites of symmetric methylation (''methylated rate''; table 3, middle). Because we do not know what frequency of CG and CNG sites are actually methylated in the tb1 intergenic region, this rate should be interpreted with caution. Finally, we calculated the rate for sites that are not predicted targets of symmetric methylation (''nonmethylated rate''; table 3, bottom). The general, methylated, and nonmethylated rates as a function of generation number from 6,250 to 10,000 are also shown based on the classical approach ( fig. 2) . Additionally, for the Bayesian approach, the distribution of the posterior values forl bp are shown for the general rate estimation ( fig. 3) . Despite the wide and uniform prior distributions used for the Bayesian approach, values forl bp are tightly clustered.
While the classical and Bayesian estimates are based on different approaches, differences between the corresponding estimates are small (,19% for calculations using all regions), and a given estimate is typically included within the 95% credible interval for the corresponding estimate (tables 2 and 3). Because the Bayesian approach does not require simultaneous coalescence of all lineages, we believe that the Bayesian estimates, whose absolute values are marginally higher than those estimated using the classical approach, may more accurately reflect underlying mutation rates. 
Dating of Transposon Insertion Times for Maize
A striking structural feature of the maize genome is the nested and/or tandem insertion pattern of transposable elements at intergenic locations (SanMiguel et al. 1996) . Using the observation that transposable elements typically have identical terminal repeat sequences upon insertion, SanMiguel et al. (1998) used sequence divergence between terminal repeats to date the insertion time of 18 intergenic maize transposons between 0.12 and 5.15 MYA (the average insertion time was 1.76 MYA). In their dating calculations, SanMiguel et al. (1998) used the phylogenetic rate of 6.5 3 10 ÿ9 substitutions per synonymous site per year estimated from the adh1 and adh2 genes in grasses (Gaut et al. 1996) . There are several uncertainties in applying this phylogenetic rate to maize sequence data (see Discussion). Also, SanMiguel et al. (1998) cautioned that the phylogenetic rate from adh1-and adh2-coding sequences may be inappropriate to apply to transposon data. In particular, they cautioned that a higher transition to transversion ratio is observed in the terminal repeat data set compared to genic sequences (SanMiguel et al. 1998) . The high ratio is consistent with increased sequence evolution at intergenic transposon sequences relative to genes that may be caused by differential methylation (SanMiguel et al. 1998) . In this context, it is informative that ;93% of repetitive maize sequences appear to be methylated (Palmer et al. 2003) .
Because the mutational spectrum for the tb1 intergenic region also reveals a high transition to transversion ratio (table 1), the general rate estimates for nucleotide substitution for the tb1 intergenic region seem relevant to apply to dating maize transposition events. Applying the general Bayesian estimate from this study (3.3 3 10 ÿ8 , table 3) to the data of SanMiguel et al. (1998) , the time of the most recent insertion event is 2.4 3 10 4 , the average insertion event is 3.5 3 10 5 , and the oldest insertion event is 1.0 3 10 6 years B.P. Applying the 95% lower credible value for this rate estimate (2.0 3 10 ÿ8 , table 3), the corresponding values are 4.0 3 10 4 , 5.7 3 10 5 , and 1.7 3 10 6 . Applying the 95% upper credible value for this rate estimate (5.1 3 10 ÿ8 , table 3), the corresponding values are 1.6 3 10 4 , 2.2 3 10 5 , and 6.6 3 10 5 .
Discussion
The low rate of nucleotide substitution makes direct estimation of l bp very difficult. In this study, we have estimated l bp for maize from intraspecific polymorphism at a major domestication locus and information about the timing and population history of maize that has come from archeological and demographic studies. While this approach addresses some sources of uncertainty associated with traditional approaches to calculating substitution rates, estimates of l bp from this study are subject to several sources of error.
A critical assumption for this study is that we correctly identified segregating sites in the tb1 region that arose by new mutation after initial domestication. If some of the sites we use to calculate l bp did not arise by new mutation in maize but rather were introduced from teosinte populations, the estimates of l bp we report would be systematically greater than the true rates of substitution. This is a particular concern given that teosinte populations appear to have an excess of low-frequency variants relative to neutral expectations as revealed by negative values of the Tajima's D statistic (Tenaillon et al. 2004; Wright et al. 2005) . In our study, we compared maize sequences in the selected region to analogous teosinte sequences where available. Although we did observe shared polymorphisms between maize and teosinte samples, analysis of teosinte haplotypes suggested that the shared polymorphisms in our data set likely resulted from new mutation in maize subsequent to domestication as opposed to introduction of polymorphism from standing genetic variation in teosinte populations. However, diversity data from teosinte for the tb1 intergenic region is limited (sample sizes ;8, Clark et al. 2004 ) and may not be representative of the teosinte population or populations from which maize was initially domesticated. We cannot therefore exclude the possibility that some polymorphisms we considered as new mutations may predate domestication. We note, however, that if as few as 40%-65% of the polymorphisms we considered as new mutations in this study are used for rate calculations, the revised estimates remain within the 95% CIs for the estimates based on the complete data set (for given rate estimates using all sites, unpublished data).
One mechanism by which preexisting polymorphisms from nonselected haplotypes may have been introduced into the tb1 upstream region is by recombination following the fixation event at tb1. Because a lack of recombination between the target of selection and other regions we have sampled for nucleotide polymorphism is a critical assumption, we examined the pattern of polymorphism near tb1 to see if it is consistent with this assumption. If recombination has been frequent within the intergenic region we have examined, a general expectation is that the number of segregating sites should increase as a function of distance from a selected site somewhere in the region (as a result of recombination with divergent haplotypes). For the most part, this pattern is not observed, and the number of segregating sites is similar among regions with the exception of the 7.1-and 35.6-kb regions (where substitution frequency may have been influenced by methylation, see below). In particular, rate estimates for the 1.7-and 58.6-kb regions, which define the endpoints of the core selective sweep at tb1, are very low. The lack of apparent recombination is consistent with the evidence that recombination within intergenic regions in maize is uncommon (Fu, Zheng, and Dooner 2002) . This finding does not exclude the possibility that an effect of recombination has biased our estimates. It does suggest, however, that such an effect (if it exists) is probably minor.
A further uncertainty in our rate estimates originates from our incomplete knowledge of the demographic history of maize. The classical approach assumes a star phylogeny, which only approximates the rapid population expansion that is thought to have occurred following initial maize domestication. We believe that the coalescent approach provides a more realistic demographic scenario by conditioning the structure of the underlying genealogy on an exponential population expansion (indeed, any other demographic scenario can in principle be incorporated into the analysis; e.g., Tavaré et al. 1997) . Several previous studies have modeled maize domestication with the coalescent assuming a simple stepwise increase in population size following the initial domestication event (Eyre-Walker et al. 1998; Vigouroux et al. 2002b) . One advantage of the present coalescent approach is that it should allow revision ofl bp as additional information about the population history of maize becomes known.
Effect of Methylation on Mutation Pattern and Rate
In maize, transposable elements and other repetitive sequences are hypermethylated relative to genic DNA (Palmer et al. 2003) . In this context, the high frequency of mutations at sites of symmetric C methylation (CG and CNG) in the tb1 intergenic region is not surprising given that the tb1 upstream region has a large number of repetitive sequences (Clark et al. 2004) . However, the structure of intergenic regions in grasses is complex, and large tracts of repetitive DNA are often separated by nonrepetitive regions that appear to be nongenic (e.g., Song, Llaca, and Messing 2002) . In fact, the six regions examined in this study are largely unique (Clark et al. 2004) , and relatively little is known about the methylation state at such unique, nongenic sequences interspersed among tracts of repetitive maize DNA. It is striking that the strong bias for mutation at CG and CNG sites is primarily observed at the 7.1-and 35.6-kb regions. This may indicate an uneven pattern of methylation between sequences located 5# to the tb1-coding region.
Because maize genes are largely (but not exclusively) devoid of methylation (Palmer et al. 2003) , and because most existing polymorphism data for maize come from genic sequences, we calculated a ''nonmethylated'' mutation rate from our data with the expectation that this rate may reflect the rate of mutation in genic sequences. In calculating nonmethylated rates, we simply excluded mutations at CG and CNG sites from analysis. In general, the nonmethylated rates for the tb1 region were about an order of magnitude lower than the rates we calculated for CG and CNG sites alone. A similar effect has been noted in humans, in which the rate of mutation at CG sites (the target of symmetric methylation in mammals) is an order of magnitude higher than the rate at other sites (Nachman and Crowell 2000) . A caveat for our nonmethylated rate estimates is that asymmetric methylation at C residues does occur in plants (Finnegan et al. 1998 ), and we have no straightforward way to relate asymmetric methylation to mutational frequency. It is striking, however, that at the 7.1-and 35.6-kb regions, 15 of 16 transitions occurred at consensus sites of symmetric methylation, even though C residues located within CG and CNG sites represented only 29% of all C residues at these regions. The paucity of mutations at non-CG/CNG sites suggests that asymmetric methylation has not had a comparatively large effect on mutation rates in the region. Also, the 1:1 transition to transversion ratio that is observed if transitions at CG and CNG sites are excluded from the analysis is more typical of that found in genic regions in maize (e.g., adh1 intron sequences, SanMiguel et al. 1998 ). This lends some credence to applying nonmethylated rates from this study to existing genic data sets.
Comparison to Other Rate Estimates
It is informative to compare the rates from our study to previous estimates of l bp for grasses. Gaut et al. (1996) calculated rates of 7.0 3 10 ÿ9 and 6.0 3 10 ÿ9 substitutions per synonymous site per year for the grass adh1 and adh2 genes, respectively, assuming a divergence time of 50 Myr between maize and rice/barley. Extending this work, White and Doebley (1999) used a maize/rice comparison to calculate synonymous rates for five additional genes (ant, c1, c2, cdc, and ohp; Gaut and Doebley, 1997) and obtained an average rate of 5.9 3 10 ÿ9 when the data from adh1 and adh2 were included. Applying these rates to maize data has several shortcomings (see White and Doebley 1999 for a detailed discussion). One concern is the uncertainty in the fossil estimate of the maize-rice divergence time (40-70 MYA in different studies; see Wolfe, Sharp, and Li 1989; Gaut et al. 1996) . In addition, Gaut and Clegg (1993) have reported that the rate of sequence evolution at adh1 is 1.7 times as high in the maize lineage as in the pennisetum lineage. If an accelerated rate of sequence evolution is found in the maize lineage, then general grass rates may be inappropriate to apply to maize (White and Doebley 1999) .
In all cases, estimates of l bp from this study are higher than the previously reported grass estimates. The nonmethylated rate estimates from this study are probably most relevant to compare to phylogenetic estimates based on genic sequences (see above) and are ;two-to threefold higher. A similar discrepancy has been reported for rate estimates for mitochondrial evolution in Adélie penguins (Pygoscelis adeliae), in which estimates of substitution rates that incorporate information from ancient DNA sequences are two to seven times higher than estimates that come from indirect phylogenetic rate approaches (Lambert et al. 2002) .
The absolute values for rate estimates from this study are similar to those reported from several studies that have examined sequence evolution in lineages with comparatively recent and well characterized divergence times. For example, Nachman and Crowell (2000) estimated a rate of 2.5 3 10 ÿ8 substitutions per site per year in a humanchimpanzee comparison. In plants, Koch, Haubold, and Mitchell-Olds (2000) used an estimate of divergence time between Barbarea and Cardamine based on fossil pollen data to derive a substitution rate of 1.5 3 10 ÿ8 for the chs and adh genes.
Transposon Expansion and Genome Evolution in Maize
The large size of the maize genome relative to rice or sorghum can be explained partly by the expansion of retrotransposon families in the Zea lineage (SanMiguel et al. 1996) . In a previous study, SanMiguel et al. (1998) used divergence between terminal repeat sequences and a phylogenetic estimate of l bp to infer that the increase in transposon copy number in the maize genome occurred largely within the last 5 Myr. However, SanMiguel et al. (1998) noted the tentative nature of this conclusion and suggested that the expansion may have been more recent if the phylogenetic rate used in their study is an underestimate of the true mutation rate for transposon sequences. We have repeated the calculations of SanMiguel et al. (1998) using a general rate estimate for the tb1 intergenic region that we believe is the most appropriate current estimate of l bp to apply to dating transposon insertion events in maize.
Our calculations confirm the suspicions of SanMiguel et al. (1998) that expansion of transposon families in the Z. mays genome has occurred very recently on an evolutionary timescale. This finding is consistent with a growing body of evidence that suggests that expansion of transposable element populations has occurred within the last ;10 Myr in both monocot and dicot species (see Bennetzen, Ma, and Devos 2005 , and references therein). The most recent of the 18 maize transposition events we have dated is predicted to have occurred only 24,000 years ago and thus nearly overlaps the beginning of maize domestication from ssp. parviglumis by humans. This finding is consistent with several experimental observations in maize. First, it is known that transposition is ongoing in some maize germplasm (e.g., Varagona, Purugganan, and Wessler 1992) . Second, recent genome sequencing projects have revealed substantial polymorphism for the presence or absence of sequences between maize alleles, including transposable elements . This finding is consistent with recent transposition in the maize genome. As the causal polymorphisms that underlie phenotypic alterations selected during domestication are discovered, it will be exciting to determine if the movement of transposable elements has contributed to the pool of genetic variation tapped by early maize agriculturalists.
